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P1EZOELEOTRIO PROPERTIES OT SOME TITANATES
AND ZIRCONATES OF BIVALENT MDTALS THAT POSSESS

e T o e e e ———————————

A_PEROVSEITE~TYPE STRUOTURE

Go As Emolenskiy
Submitted 9 Mar '49.

Author Abstrect: The dielectric permeadbility of some titanstes and
giracnates of bivalent metals that possess the stiucture of perovekite was
iavestizated. It wne found that cedmium titanate, lend titenate and lend
girconate and also solid solutions (s, Pb)T103 and (Sr, P‘n)mo3 are piezo=
elactric. It wns proved that the Curde temperatureof these piesocelectrics
is most influenced by tho degree of covalence of the lattice bond end by the
aimensions of the oxygen octahedron, which contains & titanium ion. It woe
proved that plezoelectrice of this tyre howe a tetragonal lattice below the

Ourie point.

Investigations by Wul and Goldman ghowed that barium titanate is plege=
electric. Recently many works have been devoted to the study of the properties
of barium titanate and its compounds. In particular it was found that solid
golutions of barium titanate with strentium titanate and lead titanate are
also piezocelectric.

The Curle temperature:of solid solutions {Be, Sr)'l‘io3 decreages with

inorease of th,émount of strontium titanate. In solid soluticns (Ba, Pb)TiO3
the opposite effect tskes place; nemely, the Ourie temperature 1noreasesr1th

increase of lead titanate.

.

1, STATEMINT OF THE PROBLEM

The polycrystelline barium titenate has a cubic structure of the perov=-

skite type, and ite lattice is distorted somewhat in the plezcelectric state.
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A eimilar struoture ie shared by a series of compounds Alo3. vhere A means !
bivalent metale like Os, 8r, Ba, 0d, Fo and B means quedrivalent metele
11” '1'1. zr. m' !t. Th' md 00.

vk b R

Obviously the plercelectric properties of a sudbstance depend olose)y on
its structure, For instance barium titanate orystals.vere obtained with
hexrgonel and monoclinic syngony and theso bad no piezoeleotric properties,
Henco it is inferred that spontancous polarization appears in barium titanate
only in the onse of & peroskite structure. Oonsequently we should expect
pienoelectrio properties in subetances of mimiler strudture.

The ansumption that strontium titanate is olso piezoelectrio has alrendy
been expressed by Rushmrn and Streivens, But uniil recently sufficiently
convineing preofs of plezoolectric properties in strontium titanate were not
yet published, All known coramic substances that show plezoelectric properties
possess berium titanate in thelr composition.

Barium titanate is somevhat different from other titanates and zirconates.
In its lattice the distance petween titanium and oxygen ions ip greater than
the sum of their radii, according to Goldghmit, with the reculting poasibility
of transition of the titanium ion inside the octahedron, (Tigure 1).

We assume,despite this property of barium titanate, that not only the
1atter substance but also a whole geries of A303 compounds containing ttanium
and zirconium ions, and possibly aleo other quadrivalent cations having a
type structure perovskite, poneenspio:oelectric properties. |

With.thin assumption, we studled & number of titanates and zirconates

of bivalent metalsand also some of their solid solutions.

Preliminery investigations of the electric properties of lead titanate
and lesd zirconate ghowed that these compounds probebly ar,ﬁiozoeleotrlc
with & Curie point in the region of high temperatures, The fact that at
room temperature these substances, like berium titenate, had & tetragonal
lattice confirmed our assuntPlon, According to peeliminary date the lattice

of lead ziroonate becomes cuble at temperatures over 30000,
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It ip poseidble to study lead titanate's dielectric permeablility at
temperatures only up to 50000, Lead titenate's conductivity at high tempera=
tures rises so strongly that the equipment avallable te we ie¢ insufficient
to obtain the rendings.

Therofore woe studied tho properties of the solid solutichs (Oa, Pb)'l‘io3
and (Sr.Pb)!iol. We dased our investigations on the assumption that strontiunm
titannte and caloium titanate's piezvelectricity. ooours only for low Curie
temperatures. With a certain concentration of thtanates we should get com=

pounds with & Ourie point that is within an easily measuradle range.

2. PARATION OF SAMFLES

The first samples prepared contained titanium dioxide, zircenium dioxide,
chemically=-pure barium carbonate, strontium carbonate, caloium carboncte,
and lead dioxide, The chemical analysis of titanium dioxide and zirconium
dioxide is represented in Table 1 (see anpendix),

Titanetde and zirconateg, as well as their solid solutions of the initial
constitutents, form at high temperatures as a result of the roaction between
the solid phases, It ig imown that,for better resction procesaeé@n the
g01id phaces, the components must be finely dispersed, The initial materials
vere finely pulverized in a metallic morter. The grain size did not exceed
=5 Poo Disc=ghape samplees 10 to 30 mm in diameter were prepared under
pressures of 1000 ks/cma.

In order to incresse plasticity, an aqueous dextrin solution (5% by
weight) wos added to the initial mixturee. The baking wus done in Silit and
platinum furnaces at temperatures 1000 to 1450°C. As a rule we did not
succeed in getting fully baked eamples, because lead titanate and lead
zirconate are chemically unstable at high temperatures, Samples of lead
girconate and samples with strong lead titanate content were baked at
temperatures of 1000 - 1180°C with long exposure at high temperatures.

Some samples were preliminary baked at 100 = 150°0 below the finel
temperature; theresfter they wire carefully pulverized, pressed and baked

again, Oaloiﬁ;ied samples were less pPorous.
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The electrodas wore processed by burning in eilver at 800 = 850°O.

3. RESULTS OF BXPERIMENTS

Tirst ve investigated compounds in whion lead titanate gradually changed
into oaloium titanzte. Here wo cannct ascertain whether lead and celoium
titanates form a contianuoun serioe of solid solutions.

Lead titanate samples were baked at temperatures of 1050 = 1100°0 with
ragher long exposures, in some cases lasting 20 to 24 hrs., With increasing
caloium titanate content the baking period was inoreared. Pure calcoium
titanate was baked for an hour at 1430°0, Samples with large lead titanate
content had porosity reaching 25%, Further increase of the baking tempera-
ture was impossible, because at temperatures above 1100°0 lead titanate
starts to decompose intensively.

The real dielectric permeability of the substance was determined, taking
the porosity into consideration, by V. I. Odolevskiy's formula:

€= € et (— >+ = Emeas X = 0 , (1)
€ 2% neas \"+‘12m,,“
¥Where epsilon € 4ip the real dielectric permeability; Emea. is the

apparent dielectric permeability, that is, € obtained from measurementscof
the samples' cupacity; x is relative porosity (in fractions).

This formula, which was obtained for symmetriocal systems, cannot be
accurately applied in our case and probably gives somewhat lowsred values of
the real permeability.

In applying Lichteneckers vell=imown relation, we gee that the real
dielectric permeability has a much higher value than that obtained from form-
ula (1). Odolevekiy showed that the Lichtenecker's lo:arithmic formula i
in agreement with tests in the case of emall discrepancies where permeability
is for the components of a heterogeneous system.

Table 2 shows values obtained for § =samples of the titanate system
05T103 - PbTio3 baked at various temperatures, their porosity and their real
dielectric permeability.

-u-
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The ratio of real dieleotric permeadility of caleium leed titanates and
molar concentration Pb!'m} ip reprecentod graphicelly in Figure 2, The
dieloctric permeability was measured for field strengthes 1 to 2 V/nm. tempera=
ture 20 == 1°0 and frequency 106 oycles with a tolerance of = 2 = 3%,

The .d.apund.onoc of the characteristic ratio on piesoslectrios upen
perpesbitiey (or onpacity) and the dielectric-loss tangent upon temperature
was observed i.n:numbcr of compounds (Figures 3 and 4),

The relation botween temperature and dielectric permeabdility of lead
titannte is reuresented on Figure 5.

Similar measuremonts were made for some solid solutions (sr.?b)mo}.
Strontium titanste wag baked at & higher temnerature than caleium titanate
becnuse of lead titanate's instability ot high temperatures. As a rule we
did not succeed in completely baking the samples, The porosity of samples
neasured reached 35% sometimes even 40%.

The relation between temperature and dieleotric permeability of two
polid solutions (sr,Pb)T103 1g shown on Figure 6,

Usually the capacity of samples wis measured at A frequenoy of 1.06
oycles and electric field strength of 1 to 2 V/mn. Tor one-component samples
the relation between capacity and temperature was measured at two frequencies!
800 sad 106 cycles (Figure 7).

Table 3 shows experimental values of ¢-sanples of solid solutions
(Sr.Pb)'I‘io}. their porosity and real dielectric permeability. It should be
noticed that the determination of porosity was considerably inanccurate because
of the small sample sizes. \

The dependence,upon molar concentration of P‘oTio3. of the dielectric
permeability of these solid solutiohs is shown graphically in Figure 8.

. Zirconates of bivalent metals were less completely studied. Such
studies will be done later.
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Test rosults of the elactric propertien of lead sirconate are chown on
Tigure 9

Load sirconate and lead titanate are ungtable at high tomaeraturess
Therefore meagurements were condustédi i th porous samples. The samples were
paked for 24 hrs at 100090,

Tests with a cathode osoillograph proved that the 80144 solutions
(0n.?b)@103 and (lr.?b)'m.o3 possess diclectric hysteresis within & certain
temperature rango.

4, DISCUSSION OF RXPIRIMENTAL DATA

Test results make us belisve that lead sirconate and the solid solutions
(ca.rb)m103 and (8r, Pb)TiO3 (for certain concentrations of basic titanates)
aro plezoelectric. All the experimental data obtained convince us of this.

The temperature dependenco of dielectric permeability end losses of each
compound investigated are typioal of plesoolectriocs, It is true that the
permeadility of the substances studied has & lower value than that of barium
titanate., It should de kept in mind, however, that thetbest: tesults depend
strongly on the baking prooess. Tven at comparatively low baking temperatures
(1000 = 1150°0) lead titanate and lead zirconate start to decompose and'.their
lattices become somewhat spoiled,

Within & certain temperature range the titanates investigated show &
dependence of dielactric parnesbility upon field strength and dielectric
hysteresis.

It is known that the location of paximum permeability in the curve of
€ does not depend on temperature. 1t occurs also in our case. i

The dielectric permeabdlity of the investigated solid solutions and of
parium and strontium titanates veries in a similar way, dependihg on the

concentration of the initial components.

-6-
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Other investizated titanates and =irconstes of bivalent metals, except
cadnium titanate; 4id not show piezcelectric properties until=180°0, As we
rocontly suscoeded in proving, cadmium titanate ip piezooleotris with a Ourie
point somewhat below = 180°C,

Thus the results obtained confirmed tho earlier above-expressed

assunptions, Pleszoclectric properties do not pertaln exolusively to barium

titanate, but are found also in other titanates and sirconates of bivalent
metals. This.follows logically from our known dats on the properties of
BaMOr

Tet us start with barium titanate. The latest X=-ray renearches show
that the titanium ion is not located in the centor of th{oxygen octahedron,
This phonomenon permitted Mason and Motthias to create a theoretical model

in order to explain the piezoeloctric state of 30.'1’103.

Ascording to recent notions, the bond of tho titanium ion is partially
convalent with the oxyszen ions. Because of this covalent character of the
bond the titanium ion shifts to one of the eix adjacent oxygen ions a distance
equal t0 A~ 0,1 A from the centor of tho octahedron, Cbviouely the oxygen
ion shifts too townrds the titanium ion. We should assume that th,é:wgen ion
ghifts a much legser digtance than the titanium lon,

Hence the oxygen octahedron has six positions in vhich the potential

energy of the titanium ion is a minimum, Above the Ouris point, because of

the effect of thermal motion, it is equally likely to find the titanium ion
in any one of these positions. |

The asymmetiical position of titanium and oxygen ions in en elementary ;
produces a dipole moment, whose value may be determined from ’

3 |
the following expression

cell of BaTil

H:: e,l,—}- e.z)-,_ (2)
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whore o, 1s the charsc.o! a titeniun ion, equal %o 4o (e is tho oharge of an
eleatron) 4 1g the value of the titanium lon digplacement with respect %o
the center of the 3;‘!103 octahedron and equals O.ﬂ; L) s the oharge of the
oxygen ion and equals 2o} 1a is the displacement of the oxygen ies, and 1is
&K 1.

Below the Curie point the kinetic onergy of thermal motion is not suff=
igient to ensure the possibility of one of the six positions. The titanium
iong streighton out along one of the directions within the 1limits of the
domain, while the smo} crystal passcs from oubic to tetragonal, because
the axls along which the titaniun ions Are uline?‘beoomu longer than the

other twoe

On theae assumptions Masen and Matthias detormined the Ourie temperature

2 - r3 Eo™
(o [+ 2]

where bota B is the Lorentz coefficient; N is the number of dipoles in &
cm3; rA— ig the dipole moment ; go 1g the dielectric permenbility due %o
the electron and 1on polarization; k is the Bolzmann constant.

These discussions can be expanded to other piezoeleatrien of the type
AB03 with a perovskite-ty‘pe gtructure.

The Curie tempentur,éf such piazoeleotrien will first be determined by
the valus of the dipole moment produced dY the aeymmetrical position of
qnadrigulent catioﬁ; while the greater the covalent bond charscter in the
lattice and the greater the size of the oxygen octahedron for & given radius
of the qundrivalent cation, the greater the dipole moment, Assuming further
that thfoxygen 1on moves towards the quadrivalent cation a much shorter die-
tance than the 1atter, we will congider only the displacement of the quad=

rivalent cation.

-g-
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The |$l’51 thaﬁ:yson octahedron is much effected by the eize of the
bivalent cation. The greater the bivalent cation for a given radius of the
quadrivalent one, the greater the size of the oxvgen ootahedron,

The displacement of th,éitanium ion in a barium titanate lattiee, with
respect to the center of the octahedron, is easy to imagine, because the
distance between the titanium and oxygen ions is zreater than the sum of
their radii according to Goldshmit, )

Accordinz to Goldshmit,however, the radii cannot bg a oriterion in our
case, Probably the quadrivalent cation can be located asymmetrically within
the oxygen octahedron even when the sum of ion radii according to Goldshmit
ie bigger than the distance between them, Iz this case a kind of mutual
interpenstration of electron shells of ions will talke place, It mar be
observed particularly in darium titanate. As mentioned, the titanium ion
is dieploced with respect to the octahedron center by adout 0.1%.

The difference of the dietances of the titanium = oxyzen ion centers
and the esum of their radil along the ¢ axis equals only 0.0532. This fact
explains the appearance of piezoelectric properties of some other ABO3
compounds.

Depending upon the electron structureof exterior shells of bivalent
catione definitely affecting the covalent character of lattice donds, we
ghould distinguieh three groups of titanates: 1) alkali-carth metals,

2) cadmium, 3) lead,

The atoms of alkali=-asarth metals Ca Sr, and Ba after emigsion of bival-
ent electrons are similar to the atoms of inert gases., The bivalent cad=-
mium ion has a different electron structure, The covalent bond in cadmium
oxides is stronger than in similar metal compounds of the left sub=-group II
in the periodic table, The lead atom, after emlssion of bivalent electrons,
retains two electrons in the exterior shell, Megaw remarks that the lead
ion cannot be conpidered as an incomplete sphere and probably forms covalent

compounds,

-9-
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Lot us analyse the titanateo of bivalent metals possessing perovekite
gtructure with respest to previous statemants.

The Ourie temperature of theee titanatos is reprjseated in Tadle L,

The Curle temperature of alkali=earth titanates, as 1% should bo expeoted
from provious theoretiocal assumptions, drops steeply with dooreasing radius
of tho bivalent cation and therefore with the decreasing oxygen oatahedron,

The Ourie point of cadmium ¢itanate Ls within the region of temperatures
higher than the Curie point of strontium titonates, despite the fact that &
strontium ion ie bigger than a cadmium ion. The Ourie temporature of lead
titanate is much higher than thoe Ourie tomnerature of variun titanate, despite
the fact that the leagion is gomowhat gmaller than the barium ion.

In ocodmium titanate and lend titanate the real titanium = oxygen bond
character is probably more pronounded than in alkali=earth titanates. This
statement ie reflected in the fact that spontaneous polarigation disapnears
at relatively higher temperatures.

On thebbasis of previous statements we may infer that the OCurie tempera=
ture of A2r03 compounds should be lower that of corresponding titanates.

The zirconium ion ie bigger than the titanium ion and the covalent bond chara=
cter of oxygen with zirconium is probabdly less pronounced then the bond of
oxygen and titanium. In effect, the Curie temverature of lead zirconate does
not exceed 279°C, while that of lead titanate is over 5009C. It follows
therefore that if barium zirconate has plezoslectric propertiss they should
occur only at very low temperatures.

The following general case ghould be mentioned: the cogpounds .A:BO3
have a tetragonal lattice within their plezoelectric range. According to {
Megaw's data, only three compounds ABO3 have a tetragonal lattice at room |
temperature, these being BaTiOs. PbTiOB, and PbZrOB; as proved by Wul
(Bamios) and by us (Pb'l‘i.o3 and PbZrOJ) the mentioned substances are plezo=
electric within this temperature range.

Table § shows the axis ratlo éi for a tetragonal struéturgﬁf A303

compoundse

- 1.0 =
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Oareful X-ray researchos prove that duriug the trannition poried of
veriun titanate to the picsceleotric state one axis lengthens, while the
two others shorten, This agrees well with the assumption that titanium
ione shift from the octahedron center %o an adjacent oxvaen lon, These
digounnions hold completely for lead titanate. The fact that the axis ratic
é{ is bigger in PbTio3 then in 3:&103 entirely confirms our reasoning.
Tvidently, bocause of the more pronounced covalent bond character in lead
titannto, the titanate ion ie more displnced with respect to the occtahedron
center, which recults in an increase of the tetragonal lattice.

Lead zirconate differs from other plezcelectrics AIIOB. Its axis ratio
é% 1a smoller than unity, Thie proves that in PbTio3 during the transitory
state to plezoelectriolty two axes lengthen and one eshortens,

It ig very interesting to grow ond inveatigate single lead zirconate

ervstala.

The suthor exprespes his grotitude to Prof, P. Pu Kobvenko for his

expert opinion in the discussions.
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Table 2

i

on | .5 30 25 20 W O
[ tration in CaTi0,1100 90 80 70 60{ 50 Lo 37.5 35 32.5
cern’ 207 atils! L R

24 = 10 20 30 0 0 60 . 15 -
Molar Percents PbTil3: o 1 S 68.5 65 61.5 70 80 90 100
- ———
‘K 5 1,9 .. 5 5 9y .
| Permeability . 3, 1,3 156 287 357 700 693 707 661 602 3 256 162.5 316
Prosity in Ffactions 0.063 0.131 O. 193 0,20 0.139 - 0s213 O. 263 0.233 0. 226 0.123 0.153 0-155 0.176 0.40
Permeability | 156.5 1. 85.5 201. 22), 1,00 - 1030 L) 1100 1000.5 O 512 33 220.5 135
| 5 L1 5 1 L) 1k 5
Table 3

0 o I
0, 100 '90 8o 0 60 | 0 2 0 -}0 .20 10 ~
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T t Dielectri 3
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} 0.06 0.1 - 0.35% 0.23;‘0.35?”1‘ 0,366 0.392 0.360 0,253 0.15 0,147 - o1y
i porosity in Fractions . oy 35 i ‘ 0,40
P - 6 - 1s
! al')i];ty : 291.5 312 699 931 1380 1151 829 648 Lo7 n21 253 206
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Table 4
Chemical Yormula of o L
the Titanate ! Ourie Terp,
a0, L -

a s | )

!r‘!l.03 15 - 3
:Bn'I'i.O3 a7
omo3 &

|
Pb'.'\'103 i 800

Table 5
' Chemical Formula i _
foo : N :
| 3:@103 1,0100

!

FoTi05 ! 1,0635
Folr0, | 0,988

i
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